A loss of electron transport capacity in chloroplast membranes was induced by high-light intensities (photoinhibition). The primary site of inhibition was at the reducing side of photosystem II (PSII) with little damage to the oxidiiing side or to the reaction center core of PSII. Addition of herbicides (atrazine or diuron) partially protected the membrane from photoinhibition; these compounds displace the bound plastoquinone (designated as QB), which functions as the secondary electron acceptor on the reducing side of PSII.
gest that quinone anions, which may interact with molecular oxygen to produce an oxygen radical, selectively damage the apoprotein of the secondary acceptor of PSII, thus rendering it inactive and thereby blocking photosynthetic electron flow under conditions of high photon flux densities.
Exposure of leaves or chloroplasts of higher plants to supraoptimal light intensities results in a loss of photosynthetic activity (1) . This phenomenon is referred to as photoinhibition (reviewed in refs. 2 and 3). Photoinhibitory damage to chloroplast membranes (thylakoids) involves inactivation of photosystem II (PSII), but the molecular mechanism damage has not been established.
A thylakoid polypeptide of =32 kDa is synthesized at rates equal to or greater than the most abundant chloroplast proteins, yet it remains as a minor membrane constituent; this has been attributed to a rapid turnover of the polypeptide (4, 5) . The rate of turnover was recently found to increase in plants grown at increasing light intensities (4) . The rapidly turned-over 32-kDa polypeptide is identical to a triazine receptor protein (6) that is a structural component of the PSII core complex. Since atrazine (a commonly used triazine herbicide) is a competitive inhibitor of the binding of plastoquinone (PQ) analogues (7), the rapidly turned-over, herbicidebinding protein is identified as the apoprotein of the secondary electron transport carrier on the reducing side of PSII. The redox cofactor associated with this carrier is a bound PQ designated as QB; the 32-kDa polypeptide is therefore called the QB protein (8) .
In this manuscript we demonstrate a correlation between photoinhibition (PSII inactivation) and the rate of turnover of the QB protein.
MATERIALS AND METHODS Cell Growth and Photoinhibition. Cells of Chlamydomonas reinhardtii (var. y-1) and an atrazine-resistant mutant [Ar4(+); kindly provided by L. Mets, University of Chicago] were grown on a medium containing acetate as a carbon source (9) Chl fluorescence induction transients'were monitored at room temperature (10) . Photochemical reduction of dichlorophenol-indophenol (DCPIP) using either water (H20 to DCPIP) or 1.0 ,uM diphenylcarbazide (DPC to DCPIP) as electron donors was measured spectrophotometrically (10) . Photoreduction of the diaminodurene/ferricyanide couple using water (H20 to DAD/FeCN) as the electron donor was measured polarographically as oxygen evolution. Photosystem I (PSI) activity was measured polarographically as oxygen uptake in a reaction using 0.5 mM'N,N,N',N'-tetramethyl-p-phenylenediamine reduced with 2.5 mM ascorbate as electron donor and methyl viologen (TMPD to methyl viologen) as acceptor. Photoreduction of silicomolybdate (SiO2' 12MoO3) with water (H20 to SiO2 12MoO3) or 1 uM' DPC (DPC to SiO2 12MoO3) as electron donors was measured spectrophotometrically according to Barr et al. (11) .
Protein Analysis and Measurement of Herbicide Binding.
Herbicide binding assays using [14C]atrazine (13.4 mCi/ mmol; 1 Ci = 37 GBq; kindly provided by Homer LeBaron, CIBA-Geigy) were carried out as described (10 (Fig. lb) .
The herbicide atrazine competitively displaces the quinone cofactor of the secondary electron acceptor of PSII and thereby prevents transfer of an electron from the primary to secondary quinone electron carriers of PS11 (7, 14) . Atrazine (5 ,M), added during the photoinhibitory treatment, partially prevented the inactivation of PS11, as measured by both F, and a PS11 partial reaction (Fig. 1) . On the other hand, dibromothymoquinone (DBMIB) inhibits the oxidation of the plastohydroquinone pool (15) and enhanced the rate of loss of both the Fv and PS11 activity that occurred during incubation under photoinhibitory conditions (Fig. 1) .
Electron transport in an atrazine-resistant mutant of Chlamydomonas [Ar4(+)] was inhibited by only 10-15% in the presence of 10 ,uM atrazine (data not shown). This mutant exhibited a greater degree of photoinhibitory damage than the atrazine-sensitive strain in the presence of the herbicide ( Fig. la) , indicating that the ability of atrazine to protect from photoinhibition damage is dependent upon its ability to bind to the QB protein (7) . (Fig. 3) . This number correlates well with the PSII activity lost during photoinhibition when DPC was used as an electron donor (DPC to DCPIP; Table 1 ). No change was observed in the binding affinity of the remaining sites following photoinhibition.
Chloroplast thylakoids were isolated from cells exposed to 0, 30, or 90 min of high-light exposure, tagged with azido-
[14C]atrazine and subjected to polyacrylamide gel electrophoresis. Autoradiograms of the samples (Fig. 4) revealed that the herbicide was specifically associated with a diffuse, poorly staining polypeptide of -32 kDa in control membranes. The same polypeptide was labeled to lesser extents in the samples from cells exposed to high light for increasing time periods. These data confirm the measurements of Fig. 3 (Fig. 2) . (iii) Herbicide-binding sites, known to be determined by the QB protein (6) (7) (8) , were lost in concert with inactivation of PSII (Figs. 3 and 4) Fig. 1 ). An inhibitor of PQ pool reduction (atrazine) partially prevented photoinhibition (Fig. 1) . We conclude that the extent of reduction of the PQ pool is the factor that determines the rate of loss of QB protein function. An understanding of the reactions of PSII quinone proteins leads to an explanation of why this occurs.
Two PQ molecules designated QA and QB receive electrons sequentially from the PSII reaction center. QA is a oneelectron acceptor that is reduced only to the semiquinone anion (QA) by an electron transfer from P680 (14, 20 (8) . Although it is biochemically useful to stabilize the QB anion to allow time for the arrival of the second electron from P680, it is definitely not of use for the chloroplast to stabilize the doubly reduced quinone within the QB protein (since the reduced electron carrier must diffuse away from PSII to deliver electrons to PSI).
When the PQ pool of the photosynthetic electron transport chain becomes fully reduced, the binding site of the QB protein cannot be filled by an oxidized quinone. It is under these conditions that we have observed the rapid onset of photoinhibition. We hypothesize that this occurs because (i) a fully reduced quinone can rebind to the QB site (possibly deprotonating in the process) and (ii) the presence of the relatively strong reductant (the unstabilized Qn>) results in a reaction that directly and covalently modifies the QB protein, rendering it nonfunctional. We speculate that this inactivation may involve oxygen since 02 has been shown to be required for certain photoinhibitory processes (3). Diffusion of oxygen (which is produced in the PS11-mediated electron transport and is thus in a high local concentration) to the QB-binding site, and reaction of 02 with QB2-, would result in production of an oxygen radical within the QB protein.
We will demonstrate elsewhere that the 32-kDa QB protein disappears from photoinhibited membranes (consistent with its proposed chemical modification via QB2-or an oxygen radical generated by reaction with the quinone) and that recovery from photoinhibition occurs when there is de novo chloroplast-directed synthesis of "replacement" QB protein (unpublished data). It therefore appears that photoinhibition is a deleterious process that occurs as a natural consequence of the function of the QB protein in electron transfer whenever excess light is absorbed causing over-reduction of the PQ pool. Nature has developed an acclimation strategy to compensate for this damage, which simply entails an efficient system for turnover (removal and replacement) of the damaged electron carrier.
